Drug-induced triggered arrhythmias in heart muscle involve oscillations of membrane potential known as delayed or early afterdepolarizations (DADs or EADs). We examined the mechanism of DADs and EADs in ferret ventricular muscle. Membrane potential, tension and aequorin luminescence were measured during exposure to elevated [Ca2+]0, strophanthidin and/or isoproterenol (to induce DADs), or cesium chloride (to induce EADs). Ryanodine (10(-9)-10(-6) M), an inhibitor of Ca2+ release from the sarcoplasmic reticulum, rapidly suppressed DADs and triggered arrhythmias. When cytoplasmic Ca2+-buffering capacity was enhanced by loading cells with the Ca2+ chelators BAPTA or quin2, DADs were similarly inhibited, as were contractile force and aequorin luminescence. In contrast to DADs, EADs induced by Cs were not suppressed by ryanodine or by loading with intracellular Ca2+ chelators. The possibility that transsarcolemmal Ca2+ entry might produce EADs was evaluated with highly specific dihydropyridine Ca channel agonists and antagonists. Bay K8644 (100-300 nM) potentiated EADs, whereas nitrendipine (3-20 microM) abolished EADs. We conclude that DADs and DAD-related triggered arrhythmias are activated by an increase in intracellular free Ca2+ concentration, whereas EADs do not require elevated [Ca2+]i but rather arise as a direct consequence of Ca2+ entry through sarcolemmal slow Ca channels.
Introduction
Triggered arrhythmias in cardiac muscle occur in two distinct circumstances that point to fundamental differences in pathogenesis (1) . The first type of triggered arrhythmia, which occurs prototypically during digitalis intoxication (2) , is associated with membrane potential fluctuations known as delayed afterdepolarizations (DADs).' DADs are secondary, unstimulated depolarizations that follow complete repolarization of an action potential. The mechanism of DADs has been the subject of intense 1. Abbreviations used in this paper: DAD, delayed afterdepolarization; DMSO, dimethyl sulfoxide; EAD, early afterdepolarization; SR, sarcoplasmic reticulum.
investigation, and a consensus has emerged that excessive cellular Ca2" loading establishes the milieu for DADs (3) . Nevertheless, considerable uncertainty still surrounds the exact role of Ca2+. The link between sarcolemmal Ca2+ entry pathways and the DAD remains unclear, with controversy as to whether sarcolemmal Ca2+ entry (4) or intracellular Ca2+ release (5, 6) is of primary importance.
The second type of triggered arrhythmia involves slowed or interrupted repolarization of the action potential, as observed in a number of models of the long QT syndrome (7) (8) (9) . Such abnormalities of repolarization have been lumped together phenomenologically under the term "early afterdepolarizations" (EADs). Although EADs are protean (7) , they can be distinguished from DADs because, by definition, EADs occur before action potential repolarization is complete, whereas DADs occur only after return to the resting potential (1) . The mechanism of EADs is virtually unexplored, in contrast to that of DADs. EADs and DADs can coexist under some conditions (3); this indicates they might share a similar mechanism with variable kinetics. Indeed, it has been proposed that both DADs and EADs result from spontaneous oscillations of intracellular Ca2+ (10). Nevertheless, the two types of afterdepolarizations exhibit a very different dependence on stimulation frequency (7, 1 1) and on ionic conditions (1) , indicating that the mechanisms may be quite dissimilar.
We have investigated the cellular mechanism of DADs and EADs in ferret ventricular muscle by examining their susceptibility to agents that act to antagonize intracellular Ca2+ overload. The first such agent is ryanodine, an alkaloid that inhibits Ca2+ release from the sarcoplasmic reticulum (SR) (12) . Ryanodine antagonizes spontaneous (13) and triggered (14) oscillations of [Ca2+] i in heart cells, as well as aftercontractions associated with Ca2+ overload (15) . The second type of agent is the Ca2+ chelator BAPTA (16) . A noninvasive technique for loading with BAPTA is applied here for the first time in intact cardiac muscle. This novel method to increase the Ca2+-buffering capacity of the cytoplasm is characterized as a strategy to antagonize the intracellular Ca2+ fluctuations that occur during Ca2+ overload ( 13). Finally, evidence is presented that transsarcolemmal Ca2+ entry plays an important role in the genesis of EADs.
Methods
Experimental preparation. Ferrets 8-12 wk of age were anesthetized (Na pentobarbital, 50 mg/kg i.p.), and their hearts were removed rapidly via a midsternal thoracotomy. 22 preparations from a total of 19 animals were investigated. Papillary muscles 0.4-0.8-mm diam were dissected from the right ventricle and mounted in a continuous-flow bath chamber, with the tendinous end attached to a tension transducer and the opposite end fixed (17) . Preparations were field-stimulated with platinum wires connected to a stimulus isolation unit. Membrane potential was measured with respect to a grounded bath by using glass microelectrodes of 10and tension were recorded on magnetic tape (3964A, Hewlett Packard Co., Palo Alto, CA), digitized (No. 4203, Princeton Applied Research, Princeton, NJ), and transmitted to a microcomputer (IBM PC/AT, IBM, Inc., Danbury, CT) for analysis. The sampling rate for digitization was optimized to display the relatively slow afterdepolarizations that are the focus of this study, limiting the resolution of faster events such as the action potential upstroke.
Solutions and pacing protocols. During a stabilization period of 1-2 h, preparations were superfused with a physiological solution containing (in millimolar): NaCl, 92; Na acetate, 20; NaHCO3, 20; Na2HPO4, 1; KCl, 2.5; MgCl2, 1; CaC12, 2; and glucose, 10. Solution pH was adjusted to pH 7.4 by bubbling with 95% 02/5% CO2. All experiments were performed at 370C unless otherwise indicated.
Ryanodine (Penick Corp., Lyndhurst, NJ) was added to the solutions by dilution of a 1-mM aqueous stock solution. All concentrations of ryanodine used exhibited similar antiarrhythmic effects at steady state, the major difference being that response to the drug was faster at higher concentrations. The dihydropyridines nitrendipine and Bay K8644, generously provided by the Miles Institute (New Haven, CT), were added as required from 1-mM stock solutions in polyethylene glycol.
DADs were induced by pacing at 2-3 Hz in trains lasting 10-20 s and sampled during the 2-5-s intervals between trains, in bathing solutions modified to favor Ca2' overload ([CaC12] = 5-10 mM, strophanthidin, 3-10 gM, and/or isoproterenol, 1-5 MM). Strophanthidin and isoproterenol were purchased from Sigma Chemical Co., St. Louis, MO.
EADs were induced by pacing at 0.25-0.5 Hz during or after exposure to a solution containing 10-25 mM CsCl in addition to the usual constituents (cf. 7, 8). Although not a common cause of arrhythmias in the clinical setting, cesium toxicity induced in experimental animals has all of the hallmarks of the long QT syndrome. Exposure to Cs causes prolongation of the QT interval and polymorphic "Torsades des pointes" ventricular tachycardia (8, 9) , the prototypical EAD-related arrhythmia. EADs elicited by Cs in Purkinje fibers (7, 9) share all the basic features of EADs that result from more "physiologic" interventions (e.g., low
[K'Jo and quinidine, ref. 18 ), but have the practical experimental advantage ofbeing more readily and reproducibly inducible. Fig. 1 illustrates the various effects of exposure to Cs in ferret ventricular muscle and their dependence on the duration of exposure. Within 10-15 min, the membrane depolarized during diastole and action potential duration increased (panel B), as expected from the blockade of channels by Cs (19) . Contractile force also increased, with the development ofa "tonic" component. With more prolonged exposure to Cs (55 min, C), action potential duration increased markedly, while twitch force remained elevated relative to control. At the end ofthe long action potential plateau, membrane potential depolarized transiently prior to repolarization. This is an example ofthe type ofEAD we have attempted to characterize (see Nomenclature).
The changes in membrane potential induced by exposure to Cs persisted for up to 60 min after the Cs was removed, such that stable EADs could often be produced during the washout ofCs. The response ofeach BAPTA loading procedure. Loading with Ca2" chelator was achieved with the membrane-permeant acetoxymethyl ester of BAPTA, BAPTA-AM (Molecular Probes, Eugene, OR). The ester diffuses freely into cells, where cytoplasmic esterases cleave offthe AM groups, leaving the membrane-impermeant BAPTA in the cell (20) . While flow was stopped transiently, BAPTA-AM was added directly to the bath at a concentration of 1-2 mM (from 50 mM stock in dimethyl sulfoxide, DMSO). After 10-20 min, flow was restarted to wash out BAPTA-AM from the bath.
The effects of BAPTA-loading on the action potential and twitch force are illustrated in Fig. 2 . Prior to loading (A), the preparation exhibits a strong twitch contraction during the action potential. The twitch was markedly attenuated after 20 min ofexposure to BAPTA-AM (B), along with a small but consistent depolarization of the action potential plateau. Twitch tension was generally depressed by >80% after exposure to BAPTA-AM, but not during control experiments with DMSO alone. The negative inotropic effect of BAPTA was stable for 10-90 min (e.g., 14 min in Fig. 2 B) , after which time there was often a slow progressive recovery of the twitch (attributed to BAPTA leakage from the cells). In such cases, twitch force could again be attenuated by repeating the BAPTA loading procedure.
Quin2, a fluorescent derivative of BAPTA, was used as the Ca2' chelator in some experiments. Quin2-AM (Calbiochem-Behring, La Jolla, CA) was applied to the bath in a manner identical to that described above for BAPTA. BAPTA and quin2 gave qualitatively similar results (compare Figs. 2 and 9), but BAPTA produced a more profound depression of the twitch, despite their rather similar dissociation constants for Ca (100 nM for BAPTA, versus 115 nM for quin2; ref. 16 ).
Aequorin luminescence measurements. In some experiments, aequorin, a Ca2+-activated bioluminescent protein (21), was used to monitor changes in [Ca2J]i. Aequorin (purchased from Dr. J. Blinks, Mayo Clinic, Rochester, MN) was microinjected into 40-80 superficial cells, as described previously (17) . Aequorin luminescence was conducted to the photocathode of a photomultiplier tube (EMI 9893B, Thorn EMI Gencom, Inc., Fairfield, NJ) via a Lucite light guide, quantified with photon counting techniques (13), and transferred to a microcomputer for data analysis and storage. Several consecutive transients were averaged to improve signal-to-noise ratio. The purpose of these experiments was to confirm that measured changes in tension reflected similar directional changes in [Ca2+]j; therefore, only absolute aequorin luminescence was measured, and a specific calibration curve did not have to be assumed.
Nomenclature. The literature on after-potentials can be confusing because ofambiguities in nomenclature. Cranefield (1) has distinguished EADs and DADs as follows: "an early after-depolarization can be defined by the fact that it begins before repolarization is complete, and a delayed after-depolarization may be defined as a depolarization that appears only after repolarization has carried the membrane potential at least to the resting potential." Although there is little uncertainty in this definition of the DAD (see Fig. 3 A), the definition of "early afterdepolarization" leaves room for a number of protean events\varying from slowing of the terminal phase of action potential repolarization (9) , to secondary depolarizations occurring during the action potential plateau (e.g., the "low membrane potential EADs" of ref. 7) . We have focused our attention on the latter type of EADs, which occur during phase 2 and involve an unambiguous depolarization (i.e., a definite period during which dV/dt > 0). These EADs are a consistent feature of Cs toxicity in ferret ventricular muscle (present paper) and in canine Purkinje fibers (7); similar afterpotentials have also been found in monophasic action potential recordings from patients with long QT syndrome (22 We sought confirmation of this idea by examining the susceptibility of EADs to intracellular Ca2+ chelators. Fig. 8 A shows the action potential and force in control solution prior to BAPTA loading. The muscle was then loaded with BAPTA and exposed to 25 mM Cs, as shown in panel B. EADs were still readily inducible, although [Ca2+] , was heavily buffered (as evidenced by the marked attenuation of contractile force). These results were confirmed in three other preparations, and were also observed after quin2 loading (e.g., Fig. 9 ).
EADs: role ofCa' entry via sarcolemmal Ca channels. The lack of inhibition of EADs by ryanodine or by intracellular Ca> chelators provides strong evidence that increased [Ca2+]i is not required for the genesis of EADs. The alternative hypothesis, i.e., that Ca2+ entry plays a dominant role, was tested with highly selective pharmacologic modulators of Ca channel gating properties. Bay K8644 acts as a potent agonist on slow Ca channels, increasing their open state probability upon depolarization. Ni- trendipine, on the other hand, decreases open state probability and therefore acts predominantly as an antagonist (25) . If the EAD is generated as a direct result ofthe opening ofCa channels, then Bay K8644 would be expected to potentiate the EAD, whereas nitrendipine would have the opposite effect. These simple predictions are complicated by the fact that changes in Ca channel activity can have indirect effects by influencing cellular Ca> loading. To minimize any possible contribution ofchanges of [Ca2J]i to the observed effects of Bay K8644 and nitrendipine, the effects of these compounds were tested during exposure to ryanodine or after loading with Ca>2 chelators. Ryanodine and BAPTA eliminate the DAD, but leave behind a slowly repolarizing diastolic "tail" ofmembrane potential (most apparent in Figs. 3 B and 5 B) . A similar phenomenon occurs in the canine coronary sinus in response to ryanodine (23 (33) found that elevated [Ca2+J0 potentiated these oscillations, whereas Imanishi and Surawicz (34) found that they were increased by isoproterenol and antagonized by manganese. On the other hand, studies of EADs in Purkinje fibers have implicated a tetrodotoxin-sensitive pathway for the excitatory inward current (9, 18, 35) . The discrepancies may reflect genuine differences in the ionic channels of ventricular and Purkinje tissue. Ventricular muscle has larger Ca currents (and presumably more functional Ca channels) than Purkinje fibers (19, 36) , whereas the converse is true for TTX-sensitive Na channels (37) .
A unifying concept has been put forward by Hoffman and Rosen (3) 
